The Canadian Institute of Health Research (CIHR) implemented an open access policy for its grant recipients in 2008. We used bibliographic data from the Web of Science to find out how CIHR-funded researchers in the physical sciences self-archived their publications. We also examined the self-archiving policies of the journals in which the researchers published, and compared the citation rates of two different self-archiving approaches: the green open access route (deposit in an institutional or subject repository) and the grey open access route (deposit in an academic social network or personal/departmental website). Only 14% of the articles were openly accessible through the green open access route, while 37% could be accessed through the grey open access route. We cannot ascribe the low uptake of green open access to publishers' self-archiving policies, as almost all journals allowed self-archiving through the green open access route. Authors deposited 31% of their publications in ResearchGate, the most popular self-archiving option in our study, while they deposited only 2.1% of their publications in institutional repositories, the least popular option. The citation rates of the various self-archiving approaches did not differ significantly. Our results suggest that it may be time to rethink how to achieve open access.
Introduction
Increasingly, researchers are expected to make their research openly accessible. As of March 2018, 71 funding agencies worldwide had implemented open access policies (ROARMAP 2018) . As specified by these funding agencies, researchers have two ways to comply with such policies: the gold route and the green route. Those who choose the gold route publish their journal article in either an open access journal, or in a so-called ''hybrid journal.'' Hybrid journals are traditional subscription-based journals that give authors the option of paying a fee to make their articles openly accessible.
Researchers who choose the green route publish their article in a traditional subscription-based journal. Once a publisher-specified embargo period has expired, these researchers ''self-archive'' (deposit) their article in an openly accessible institutional or subject-specific repository.
Since the concept of open access was proposed by the Budapest Open Access Initiative (BOAI) in 2002, much effort has been devoted to increasing rates of open access. For example, 2992 institutional repositories and 303 subject repositories have been set up to facilitate self-archiving (OpenDOAR 2018). However, empirical studies have shown that open access rates are low and that only about 22-50% of research articles can be found through gold or green open access routes (Archambault et al. 2014; Björk et al. 2014; Björk et al. 2010; Borrego 2016; Gargouri et al. 2010; Hua et al. 2016; Zhang and Waston 2017) .
Although the open access movement has made slow progress, other methods for uploading and accessing research articles have sprung up. Two such methods are academic social networks (ASNs) and personal/departmental websites. Borrego (2016) has called these routes ''grey open access,'' to contrast with gold and green open access. ASNs, such as ResearchGate, Academia.edu, and Mendeley, are online communication platforms specifically designed for the research community. They allow researchers to create a professional profile, interact with other researchers, and showcase their research by uploading the full text of their publications. Personal or departmental websites, another grey open access channel, have long been used by researchers, particularly university faculty members, for listing, and often posting the full text of their publications. Uploading articles onto ASNs and personal/departmental websites is similar to green open access, in that in both cases authors self-archive their publications and make them openly accessible. Unlike making one's work available through a green route, however, posting one's work on a grey site does not constitute compliance with funder open access mandates. Despite this, researchers may choose grey routes because they are more straightforward to use. For example, researchers do not have to provide the metadata for their publications (as they often do when uploading articles to institutional or subject repositories), nor does anyone check to make sure their uploading (or downloading) activities are in compliance with the publishers' license agreements.
Prevalence of green and grey open access publications
As ASNs have grown in popularity, several studies have investigated the availability and source of the full text of research articles in various disciplines. These studies have consistently demonstrated that grey open access is much more prevalent than green open access. For example, Jamali and Nabavi (2015) studied the sources of full text listed by Google Scholar for 7244 journal articles published between 2001 and 2014 in the subject areas of life sciences, physical sciences, social sciences, and health sciences. They found that ResearchGate was the number one source of full text (accounting for 10.5%), followed by PubMed Central (with 6.5%). PubMed Central is one of the largest subject repositories in the health sciences, and is thus a green open access source. Hua et al. (2016) studied self-archiving in dentistry through a sample of 908 articles published in 2013. Though they did not use the term ''grey open access,'' they found that of the 416 articles freely available online, about 74% (309) of the articles were accessible through green or grey open access routes. Of the articles available through green or grey routes, 72.8% were accessible through ResearchGate, 23.3% through PubMed Central, 15.5% through other institutional/subject repositories, and 15.5% through other websites. Salisbury et al. (2017) examined 10,730 interlibrary loan requests placed from 2013 to 2015 in agriculture, food, and life sciences from a research university in the United States. Of the requests, 94.4% (10,131) were for journal articles. They found that, of the 2530 articles with some form of freely-available full text online through Google Scholar, ResearchGate provided the largest percentage (773 articles; 30.6%). PubMed Central provided the next greatest percentage of the full text at 7.7% (196 articles). Finally, the five institutional repositories that contained the largest amount of full text accounted for only 2%.
Borrego (2017) studied a sample of 1031 articles published in 2014 by Spanish university researchers, and found that the full text of only 11% of the articles was available in institutional repositories, whereas more than half were available in full text in ResearchGate. There are also a few studies that compared the citation counts of gold and green open access models (Archambault et al. 2014; Miguel et al. 2011; Zhang and Watson 2017) (30.82, 30.80, 29.65, 27 .10 respectively). They also found no correlation between the number of versions (i.e., the number of places from which the full text could be retrieved) in Google Scholar and the number of citations. Jamali and Nabavi (2015) found only a weak positive correlation between the number of versions of an article listed in Google Scholar (with full text linked in Google Scholar) and number of times it was cited, while Martín-Martín et al. (2014) found no correlation.
Citation of different open access models

Research objectives
As discussed in the Introduction, previous studies have found that articles were deposited more often in grey open access sites than in green open access ones. However, these studies all examined a general article sample; i.e., a sample of articles for which open access may not have been mandatory. In this study, we investigate how researchers selfarchive their publications when open access is mandatory, in the hope of filling the gap in the literature and providing a more comprehensive understanding of the implementation of open access.
We chose to study publications funded by the Canadian Institutes of Health Research (CIHR), one of the major funding agencies in Canada, in the area of physical science.
CIHR implemented its open access policy in 2008, which means that fund recipients have had ample time to familiarize themselves with the policy and thus comply with it. Under CIHR's open access policy, recipients must make their peer-reviewed journal articles openly accessible (using either a gold or green open access route) within 12 months of publication. Health sciences research has become increasingly interdisciplinary, and collaboration with other fields such as science and technology is common. Therefore, selecting the research areas of physical sciences as the study subject would allow us to understand the status of the open access movement in both health sciences and sciences fields.
We address the following research questions in this study:
• Where did researchers funded by CIHR archive their publications: in an institutional repository, in a subject repository, on a personal/departmental website, or on an ASN? • What are the archiving policies of the journals in which the researchers published?
• Are there citation differences among the four self-archiving approaches?
Methods
We used Web of Science to identify articles funded by CIHR in the area of physical science. Detailed methods are described elsewhere (Zhang and Watson 2017) , but we will provide a brief summary here. In January 2016, we searched the ''funding agency'' field in Web of Science using a search string that included variations of ''Canadian Institutes of Health Research.'' Only the publication types of ''journal article'' and ''review'' were included in this study because other types, such as proceeding papers, editorials, and book chapters, do not fall under the open access policy. We then limited the results to the 17 physical science research areas (as categorized by Web of Science) and publication year from 2008 to 2015. When executing the search, we downloaded the bibliographic data for these articles. (2573), it was not feasible to study all the articles. Therefore, we randomly selected (using random number generation) a sample of 487 non-open access articles to study their full-text availability, based on a confidence level of 95% and a confidence interval of 4%. We then examined the bibliographic data of the sample ''non-open access'' articles further.
We used Google Scholar to determine if the sample articles were deposited in an institutional repository, a subject repository, a personal/departmental website, and/or an ASN. Google Scholar was used because it provides an ''All versions'' function, which makes it easier to find different versions of publications. Previous studies have reported that Google Scholar was the most useful tool to find the full text of academic papers (Hua et al. 2016; Jamali and Nabavi 2015) . The workflow is shown in Fig. 1 .
We searched Sherpa/RoMEO (http://www.sherpa.ac.uk/romeo/index.php) to find the self-archiving policies of each journal in which the sample articles were published, and recorded the versions of the authors' publications that were permitted for archiving, i.e., pre-print (manuscript prior to peer review), post-print (manuscript after peer review), publisher's final version, or none permitted. We also recorded the embargo period and the permitted self-archiving locations (i.e., green open access, personal/departmental website, and ASN) of each journal. If the embargo period listed in Sherpa/RoMEO was a range, for example from 12 months to 48 months, we recorded the shortest number of months as the embargo period. In terms of allowed self-archiving locations, some journals do allow authors to self-archive in ASNs that comply with the International Association of STM Publishers' sharing principles, however, these principles state that researchers must only post articles for sharing within a research group, not for sharing publicly (STM 2015) . Therefore, we recorded the ASN self-archiving policy for these journals as ''not allowed.''
Results
Of the 487 sample of ''non-open access'' articles, we found that 16 were actually gold open access articles: 15 were published in hybrid journals, while 1 was published in a gold open access journal. These 16 articles were excluded from our sample. Therefore, 471 articles were studied to determine if they could be accessed from an institutional repository, a subject repository, a personal/departmental website, and/or an ASN using a Google Scholar Of the 471 articles, the greatest number (n = 329) were written by researchers in the field of chemistry. Researchers in physics and mathematics wrote the next highest number of articles, with 90 and 32 articles, respectively. The categorization of the articles by research area is provided in Table 1 .
Prevalence of green and grey open access
It was found that, of the 471 articles, the full text of 203 (43%) could be accessed through green and/or grey routes; 268 articles (57%) were not openly accessible. Table 2 When the openly accessible articles were broken down into green and grey categories, it was found that only 67 articles (14%) could be accessed through green open access (at an institutional repository and/or a subject repository). Three of these 67 could be accessed at both an institutional repository and a subject repository. However, grey open access was used far more frequently than green open access: 176 articles (37%) were accessible through the grey open access route. We also compared the overlap of the open access types. Forty articles (8%) could be accessed through both green and grey routes (Fig. 3) . Of the 176 grey open access articles, 77 could be accessed through personal/departmental websites, 144 were found on ASN, and 1 was found on another website (paperity.com). All 144 articles deposited in ASN were in ResearchGate. Forty-six articles could be accessed Figure 4 shows the number of articles according to self-archiving approach.
Most used subject repository
It is not surprising that the most used subject repository was PubMed Central because CIHR-funded research focuses on the health sciences. In our study, we labelled articles deposited in (U.S.) PubMed Central, Europe PubMed Central and PubMed Central Canada as ''PubMed Central'' articles because once the full text of an article has been deposited in one of the three repositories, it can be accessed through the other two. The names of the subject repositories used by researchers and the associated number of publications can be found in Table 3 .
Journal archiving policy
The 471 articles were published in 180 journals. We searched Sherpa/RoMEO to find the self-archiving policies of each journal. Of these journals, 178 allowed self-archiving through the green route (i.e., in institutional and/or subject repositories), 1 did not allow self archiving, and 1 did not list its self-archiving policy in Sherpa/RoMEO. While 167 Number of articles by self-archiving approach. Note: some articles were available through more than one type of self-archiving approach (92.8%) journals allowed authors to archive the post-print version (i.e., the version of the paper that has completed the peer review process), only 11 journals (6.1%) allowed them to archive the publisher's final version. The number of journals allowing each version of the article to be self-archived is listed in Table 4 . Interestingly, 162 journals allowed authors to self-archive on their personal and/or departmental websites, while only 18 allowed authors to do so on ASNs (Table 5 ). The majority of the journals (138/180, or 77%) had an embargo period of 12 months (Table 6 ). We found that journals tended to have a shorter embargo period for posting on personal/departmental websites. Of the 145 journals that had an embargo period of 6-24 months for self-archiving in institutional repositories and subject repositories, 71 (49%) allowed authors to deposit the post-print on the author's personal/departmental website immediately.
Citation comparison of green and grey open access
The average number of citations for articles accessible through green routes was 12.37, while for those available through grey routes it was 13.46, and for those not openly accessible it was 11.18, as is shown in Table 7 . However, a t test shows that the differences among the average citation rates of the three groups are not significant (p [ 0.22). To find out if making an article openly accessible through more than one route increases the number of citations, we compared the average number of citations of the articles that could be accessed through both green and grey open access with those that could be accessed through only one route. For articles that could be accessed through both routes, this value was 13.95, which is slightly higher than that of articles that could be accessed through only one route, however, the difference is not significant (p = 0.67).
Discussion
As we previously reported, only a small percentage (approximately 22%) of physical science publications funded by CIHR were accessible through either gold or green open access routes, and thus were in compliance with the funder open access mandate (Zhang and Watson 2017) . This current study further explores the locations in which these researchers archive the non-gold open access articles, the citation rates of different archiving approaches, as well as the archiving policies of the journals where these articles were published. Our results show that the uptake of green open access was very low: of the 471 articles in our sample of the non-gold open access articles, only 67 (14%) were deposited in institutional or subject repositories. The low uptake of the green open access route by CIHR-funded physical sciences researchers cannot be attributed to publishers' archiving policies; of the publishers identified in this study, nearly all allowed researchers to archive post-prints in institutional or subject repositories if this was mandated by the funding agency. Further, although 79% of publishers had an embargo period of 6-12 months, this should not have kept the articles in this study from being deposited in an institutional or subject repository, because for all articles except those published in 2015, the 12-month embargo period would have lapsed by the time we searched for the full text in 2016. A few factors might have contributed to the low green open access rate for the publications in this study. Articles from the field of chemistry constituted almost 70% of the sample. While arXiv is a longstanding and well-known subject repository for physics and mathematics, at the time this research was conducted, there was no established subject repository specifically designed for chemistry. With the launching of ChemRxiv (a subject repository for chemistry) in 2017, it is reasonable to believe that the green open access rate of chemistry publications will increase.
Another factor that could contribute to low rates of green open access is a lack of institutional repositories. If there is no institutional repository at a researcher's institution, the researcher might be less likely to deposit their work in an institutional repository. There are currently 53 institutional repositories (CARL 2018b) among 96 Canadian universities (Universities Canada 2018). We examined the availability of institutional repositories in the 15 research-intensive universities in Canada. These institutions undertake 80% of competitive research work in the country (U15 2018). All but one have their own institutional repository. There are also several ''adoptive repositories'' that accept work from researchers at institutions other than the host (CARL 2018a). We therefore believe that the availability of institutional repositories was not a major contributor to the low green open access rate.
While the lack of a chemistry-specific subject repository may have had some effect on the low level of green open access in this study, at the time this research was carried out, CIHR (2013) listed PubMed Central Canada as an example of a digital archive in which grantees could deposit their work. Therefore, the authors of the articles in our study should have been aware of at least one green open access option.
The uptake of grey open access was much higher than that of green open access: 176 of the 471 articles (37%) were openly accessible through grey sources. It is interesting that although the researchers in our study were required to make their articles openly accessible by depositing their articles in an institutional or subject repository, more chose to post their articles on ASNs or on their personal/departmental sites than to comply with the mandate. Does this result from a misunderstanding of the terms of the mandate (and thus a belief that posting one's articles on any website constitutes compliance), or are researchers unconcerned with complying with the mandate, and prefer posting articles on a site over which they have control, to figuring out how to upload their work to a repository? More research needs to be conducted to clarify these issues. Nevertheless, our results suggest that, The rate of deposit in institutional repositories was particularly low: only 2.1%. At the same time, ASN had the highest uptake: the full text of 31% of the articles were available on ResearchGate, despite only 10% of the journals allowing self-archiving in ASNs. There are several possible explanations for this. First, as Lovett et al. (2017) found, researchers may dislike uploading the author manuscript (as is usually required by the institutional repository) instead of the publisher final PDF version. Second, as Borrego (2017) noted, researchers may not be aware that their institutional repository exists or if they are, they may not know how to use it. Third, researchers may find the process of uploading their work to an institutional repository cumbersome as they have to answer complex copyright, license, and metadata questions (Björk 2017) . Fourth, researchers may not find the search interface of institutional repositories user-friendly. If researchers have difficulty finding their colleagues' articles in an institutional repository, they may lack motivation to upload their own work (Narayan and Luca 2016) . In contrast, ResearchGate is seen as being quicker and easier to use (Lovett et al. 2017; Borrego 2017) . Researchers feel it provides greater visibility for their articles than do institutional repositories (Borrego 2017) . In addition, ResearchGate sends automated emails to researchers inviting them to upload their work. The metadata is already present in ResearchGate, leaving only the upload to the researchers (Laakso et al. 2017) . However, ASNs are commercial websites, and they have their inherent limitations. Although they are currently the leading self-archiving location, their long-term popularity and viability are not guaranteed (Björk 2017) . Furthermore, because few publishers allow authors to deposit in ASNs, authors who do so risk infringing publishers' license and copyright agreements. This may result in lawsuits and take-down notices from publishers (Van Noorden 2017) .
Even though the overall uptake of green open access was low, we found that it was much greater for subject repositories (especially PubMed Central) (12.8%) than for institutional repositories (2.1%). This is consistent with what has been found by other researchers. For example, Pinfield (2015) states that in 2012, subject repositories held ''the vast majority'' of repository content, although they made up only 11% of all repositories. Most institutional repositories held less than 3093 items. As Tay (2017) points out, institutional affiliation can change over time, meaning that users may be more interested in uploading their work to a subject repository or ASN, where institutional affiliation does not matter, and where they can, through their account, change their affiliation details themselves and maintain control of the content. Users may also see subject repositories as a better option because they are familiar to those working in the discipline. Thus authors may believe that if they deposit their paper in a subject repository, it may be more likely to attract the attention of their peers at other institutions.
Researchers have indicated that one of the reasons they post their articles on ResearchGate is that they believe it provides greater visibility than do institutional repositories (Borrego 2017; Laakso et al. 2017) . While ResearchGate may in fact provide greater visibility, in our study, posting articles on ASNs did not lead to greater numbers of citations. This is consistent with the work of Thelwall and Kousha (2017) , who found that there was only a weak correlation between views of ResearchGate articles and the number of citations in Scopus. However, it differs from that of Sababi et al. (2017) , who found a ''significant positive correlation'' between free online availability of an article (either through publication in a gold open access journal or deposit in ResearchGate) and the number of citations it receives.
This study has several limitations. First, we used Google Scholar to identify the full-text availability of the articles, thus the results were limited to what is included in Google Scholar. It is possible that some articles were available in full text at sites not listed under the ''All Versions'' feature of Google Scholar. To determine whether our method had missed the full-text of articles, we later selected a random sample of 20 articles from the 471 articles, and searched Google and Bing using different search strategies to try to identify full-text of these articles. However, none was identified. Thus, we believe our results were accurate. Second, this study focused on physical science publications funded by CIHR. The results may not be applicable to other research areas. Third, previous studies comparing the citation rates of different open access models have shown that citations can be affected by factors such as self-selection or quality bias, disciplinary differences, journal age, publisher location, and institutional reputation (Kurtz et al. 2005; Björk and Solomon 2012; Mueller-Langer and Watt 2014) . We did not consider these factors in this study. In addition, the number of articles available through green open access (67) was very small. Thus the citation counts reported here may not accurately reflect the citation advantage offered by different types of self-archiving.
Conclusion
Our study found that, even though open access was mandatory, the uptake of green open access was much lower than that of grey open access, which echoes the findings of previous studies. The low uptake of the green open access route cannot be attributed to publishers' archiving policies, as almost all publishers identified in this study allowed researchers to use the green route to comply with open access requirements. Given the low green open access deposit rate 9 years after implementation of an open access policy, it may be time to rethink how to achieve open access. Further, given the particularly low deposit rate for institutional repositories, and the cost associated with setting up and maintaining individual institutional repositories (Swan 2010) , we question the long-term sustainability of using institutional repositories as a channel for open access, especially since subject repositories have been more successful in attracting deposits. It may be wiser for libraries and others working to increase open access rates to shift their focus from developing and maintaining individual institutional repositories to improving the functionality of subject repositories.
Our results also speak to a need for education. Although open access policies have been in place for a decade, it seems researchers may still be unclear about what constitutes compliance. Promotion of open access should include definitions of green and grey selfarchiving, and the ways to use each approach responsibly.
